Abstract. We investigate the impact of modified-gravity models on the Lyman-α power spectrum. Building a simple analytical modeling, based on a truncated Zeldovich approximation, we estimate the intergalactic medium power spectrum and the Lyman-α flux decrement power spectrum along the line of sight. We recover the results of numerical simulations for f (R)-gravity models and present new results for K-mouflage scenarios. We find that the shape of the distortion due to the modified gravity depends on the model, through the scaledependence or not of their growth rate. This is more clearly seen in the three-dimensional power spectrum than in the one-dimensional power spectrum, where the line-of-sight integration smoothes the deviation. Whilst the Lyman-α power spectrum does not provide competitive bounds for f (R) theories, it could provide useful constraints for the K-mouflage models. Thus, the efficiency of the Lyman-α power spectrum as a probe of modified-gravity scenarios depends on the type of screening mechanism and the related scale dependence it induces. The prospect of a full recovery of the three-dimensional Lyman-α power spectrum from data would also lead to stronger constraints and a better understanding of screening mechanisms.
high-density and small-scale environments. Depending on the model, screening may even apply up to galactic or cluster scales. In contrast, Lyman-α forest clouds, which correspond to weakly nonlinear density fluctuations and scales greater than virialized objects, should not be screened. Moreover, being in the weakly nonlinear regime, Lyman-α statistics could be better probes of the linear power spectrum than highly nonlinear scales, which are difficult to predict and involve complex effects, such as baryonic feedback or virialization processes, that can be degenerate with modified-gravity impacts or partly damp the sensitivity to linear modified-gravity effects. In addition, modified-gravity models often induce a new scale dependence for the matter power spectrum, which is typically enhanced as compared with the LCDM prediction instead of being suppressed as in warm dark matter scenarios, that could also modify the shape of the Lyman-α power spectrum.
In this paper, we present a first step to estimate the impact of modified-gravity scenarios on the Lyman-α power spectrum. We first build in section 2 a simple model for the Lyman-α power spectrum. It is based on a truncated Zeldovich approximation, which encodes the dependence on cosmology, and bias parameters that we keep fixed to simplify the analysis. We check that it provides a reasonable match to numerical simulations and observations, in the case of the concordance LCDM cosmology. Next, we apply this modeling to two modifiedgravity scenarios in section 3. We check that we recover the results of numerical simulations [13] for f (R) theories, and we present new results for K-mouflage models. We discuss the impact of these modified-gravity scenarios and we conclude in section 4.
Modeling the Lyman-α flux decrement power spectrum
Fitting formulas devised for the Lyman-α flux decrement δ F usually express its power spectrum P δ F (k) in terms of the power spectrum P L (k) of the linear matter density contrast at the same redshift, multiplied by several cutoffs and amplification factors [18, 23] . These factors account for several effects, such as the bias between the neutral hydrogen gas distribution and the total matter distribution, thermal broadening, redshift-space distortions, the nonlinear growth of density fluctuations,..., and are obtained from fits to numerical simulations. In this paper, we also use such cutoffs, which we do not accurately predict but have realistic orders of magnitude and are fitted to simulations and observations. However, we do not introduce an ad-hoc amplification factor and we model the effects associated with the nonlinearity of the underlying density field by an analytical model based on a truncated Zeldovich approximation. This scheme cannot reach the accuracy of dedicated hydrodynamical numerical simulations, but we can hope that it captures some of the dependence on the primordial matter power spectrum and the growth of large-scale density perturbations.
We follow the common description of the Lyman-α forest as due to fluctuations in a continuous intergalactic medium (IGM) [24] [25] [26] instead of a set of discrete objects. Thus, we first express the real-space IGM density power spectrum of the neutral hydrogen gas in terms of the primordial matter density power spectrum as
where P Ztrunc (k) is a truncated Zeldovich power spectrum [27] [28] [29] and k J the Jeans wave number. We define this truncated Zeldovich power spectrum as the standard Zeldovich power spectrum P Z (k) associated with a truncated linear power spectrum P Ltrunc (k), instead of the genuine primordial linear power spectrum P L (k),
An alternative approach would be to use a lognormal model for the IGM density field, written as δ IGM ∝ e δ L , and to use simulations to obtain the statistical properties of this lognormal field [24] . The advantage of our approach (2.1) is that it directly provides the power spectrum, without the need of numerical simulations. It has been noticed for a long time that using a truncated linear power spectrum instead of the full linear power spectrum in the Zeldovich mapping provides a better description of large-scale structures; it actually fares better than both the linear and lognormal approximations [30] . Indeed, the initial power at high wavenumbers gives rise to artificially large displacements in the Zeldovich mapping, where particles simply follow their linear trajectories. This leads to particles moving beyond collapsed structures, instead of turning back and oscillating in gravitational potential wells, which gives rise to a steep free-streaming cutoff of the predicted nonlinear power spectrum, instead of the actual amplification associated with the collapse into virialized halos. Then, truncating the initial power at high k reduces this effect and enables one to recover the structure of the cosmic web [30] . Of course, such a scheme cannot describe the inner parts of the virialized halos. However, this is well suited to our purposes. Indeed, Lyman-α forest clouds consist of mildly nonlinear density fluctuations, typically associated with filaments or the outer parts of collapsed structures. Therefore, removing high-density collapsed regions is actually required to focus on the Lyman-α forest. Moreover, the maximization in Eq.(2.2) implies that the truncation wave number k trunc that determines P Ltrunc is defined as the one that maximizes k 3 P Ztrunc (k) at high k. Indeed, for large k trunc , i.e. k trunc ≫ k NL where k NL is the nonlinear transition scale with ∆ 2 L (k) ∼ 1 (∆ 2 = 4πk 3 P is the logarithmic power that also measures the variance of density fluctuations at scale 1/k), we recover the primordial linear power spectrum and the artificial smoothing of nonlinear structures. For small k trunc , i.e. k trunc ≪ k NL , we already remove power in the linear regime and prevent the formation of mildly nonlinear structures. For k trunc ∼ k NL , we maximize the resulting Zeldovich power spectrum P Ztrunc , which shows a universal tail P Ztrunc (k) ∝ k −3 , i.e. a flat ∆ 2 Ztrunc (k) at high k. This captures the self-induced truncation of the mildly nonlinear density power spectrum we consider; the truncation is associated with the removal of high-density virialized regions, the formation of which is set by the onset of the nonlinear regime. This natural prescription also avoids introducing an additional free parameter k trunc . This also ensures that the resulting power spectrum P Ztrunc is not very sensitive to the form of the cutoff 1/(1 + k 2 /k 2 trunc ) ν , where we could as well take ν = 1 or 4. Thus, we show in the left panel in Fig. 1 the power spectra obtained without truncation and with truncation, either with ν = 2 (crosses) or ν = 4 (squares). We can see that at redshift z = 3 the truncated Zeldovich approximation captures some of the nonlinear amplification of the matter density perturbations but saturates beyond k trunc ≃ 10h/Mpc, as it does not describe the inner parts of collapsed halos. It mainly follows the standard Zeldovich approximation up to its peak and remains constant at higher k. We can check that the result is not sensitive to the exponent ν of the cutoff used for the truncation of the linear power spectrum.
Second, the cutoff e −(k/k J ) 2 corresponds to the damping of density fluctuations in the gas by its nonzero pressure, with k J the comoving Jeans wave number, which we define by the standard expressions [31, 32] 
Here a is the scale factor, c s the sound speed, µ ≃ 0.5 the mean molecular weight, and we choose a typical temperature T ∼ 2 10 4 K. The factor 2.2 accounts for the fact that the Jeans length was smaller at earlier times, which reduces the damping scale at a given redshift [31] . We can see in the right panel in Fig. 1 the strong falloff at high-k beyond the Jeans wave number k J ∼ 20h/Mpc. However, this is a relatively small scale effect and it does not impact the linear and weakly nonlinear growths of the IGM power spectrum.
We assume that the Lyman-α flux-decrement power spectrum P δ F (k, z) can be written in terms of the IGM density power spectrum P IGM as
where µ = k · e z /k is the cosine of the wave number direction with respect to the line of sight, b δ F the bias, β the large-scale anisotropy parameter associated with redshift-space distortions, and k th the thermal broadening cutoff wave number. The anisotropic µ-dependent terms arise from redshift-space distortions, due to the amplification or damping of fluctuations measured along the line of sight because of the radial velocity fluctuations. Indeed, the mapping from real space x to redshift space s writes as
where v is the radial peculiar velocity. Then, the velocity dispersion at a given position x redistributes the matter at x over a nonzero width along the radial redshift-space coordinate s . This leads to a smoothing of real-space density fluctuations and a damping of the redshiftspace power spectrum at high k. The factor e −(kµ/k th ) 2 describes the smoothing by the termal velocity dispersion, which we take to be Gaussian with the comoving wave number cutoff
where b th is the thermal velocity dispersion [33] . The factor 1/(1 + f |kµ|/k NL ) describes the smoothing by the velocity dispersion due to the virialization of collapsed structures. On nonlinear scales, beyond k NL , shell crossing appears and different velocity streams coexist 0.01
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0.01 at the same physical space location x. This must again damp the redshift-space power spectrum. The factor f expresses that this damping appears earlier when the linear velocity perturbations are amplified with respect to the linear density field. The factor (1 + βµ 2 ) 2 is the usual Kaiser effect [34] , which describes that on large linear scales the single-stream velocity field amplifies the density perturbations, as matter is moving inward onto overdense regions. We simply take
In principles, the factor β is defined as β = f b δ F ,η /b δ F ,δ , where we distinguish the biases with respect to the linear density and velocity fields, b δ F ,δ = ∂δ F /∂δ and b δ F ,η = ∂δ F /∂η, with η = −(∂v /∂x )/(aH) [23, 35] . However, we found that the analytical models for b δ F ,δ and b δ F ,η [35, 36] do not fare very well. They do not improve the agreement with numerical simulations and are not very stable, in particular the large inaccuracies on b δ F ,η can lead to artificially large or small values for β. This agrees with the results of [36] , who pointed out that velocity effects and redshift-space distortions are very difficult to capture by simple analytical models. Therefore, we keep the simple expression (2.7), which appears to be more robust. This agrees with numerical simulations, which find β ∼ 1.3f at redshift z ≃ 3 [23] . The prefactor b 2 δ F is fitted to the observations. Apart from direct hydrodynamical simulations, an alternative would be to simulate the density and velocity fields associated with the truncated Zeldovich approximation. which allows a more accurate treatment of thermal and redshift-space distortions [25] . However, as we only wish to estimate the magnitude of the impact of modified-gravity theories, for simplicity we keep the analytical model (2.4). For precise measurements, one should in any case develop dedicated hydrodynamical simulations [26, 37, 38] .
We show in the left panel in Fig. 2 the ratio of the Lyman-α power spectrum to the linear matter density power spectrum, at redshift z = 3 as a function of the wave number k, for several values of µ. In agreement with Eq.(2.4), higher values of µ (i.e. directions increasingly parallel to the line of sight) amplify the power spectrum on large scales, because of the Kaiser effect, and damp the power on small scales because of the µ-dependent cutoffs, due to the smoothing by the velocity dispersion that arises from the thermal distribution and the gravitational multistreaming. The agreement with the numerical simulations [23] is not perfect, as expected for such a simple model as (2.4), but we recover the main trends and the magnitude of these redshift-space distortions. This suggests that our model captures the main processes at work. We show in the right panel in Fig. 2 the logarithmic power spectrum, ∆ 2 δ F = 4πk 3 P δ F (k, µ) for µ = 1 and µ = 0. In agreement with the left panel, the redshift-space distortions amplify the power at low k but give rise to a steeper falloff at high k.
The expression (2.4) gives the anisotropic 3D Lyman-α power spectrum, over all directions of k. The observed 1D power spectrum along the line of sight is given by the standard integral
This also defines the 1D logarithmic power as ∆ 2 δ F ,1D (k) = (k/π)P δ F ,1D (k), which we compare with observations [39, 40] in Fig. 3 . In agreement with Fig. 2 , we recover the broad shape of the observed 1D Lyman-α power spectrum. The amplitude itself is not predicted, as the bias b δ F is fitted to these observations. The lack of power at high k, k 0.015 s/km suggests some tension between the observations and the numerical simulations [23] , as increasing the power at high k of the model would then worsen the agreement with the numerical simulations shown in Fig. 2 . We do not tune our model to fit better the observations, to keep a reasonable agreement with both simulations and observations. This is likely to give a more robust framework. A more accurate modeling would require detailed comparisons between observations and simulations to better understand the different physical effects that enter the transformation from the linear matter density power spectrum to the Lyman-α power spectrum.
Modified-gravity scenarios
In this section, we use our model to estimate the sensitivity of the Lyman-α power spectrum to cosmology, more precisely to nonstandard scenarios that modify the growth of large-scale structures. We consider in turns two examples of modified-gravity models, first the f (R) theories and second the K-mouflage model. We assume that the variations of the various parameters that enter Eq.(2.4) can be neglected and we evaluate the modifications to the Lyman-α power spectrum that arise from the change of the underlying matter power spectrum and the growth of structures. They enter through the nonlinear truncated Zeldovich power spectrum P Ztrunc in Eq.(2.2), which is a function of the linear matter power spectrum and the growth rate f that sets β in Eq.(2.4).
f(R) theories
We first consider the f (R)-gravity theories. These models are already very strongly constrained by cosmological and astrophysical data, but they remain interesting as simple examples of modified-gravity effects on the matter distribution. Moreover, they are the only case where numerical simulations of the Lyma-α power spectrum have been performed. This allows us to check the validity of the model presented in the previous section. More specifically we concentrate on a class of f (R) theories of the Hu-Sawicki [41] type, where the action is given by
where Λ 2 /8πG N is the vacuum energy responsible for the late time acceleration of the Universe. Here R 0 is the Ricci curvature of the Universe now. We consider the case of such f (R) theories with f R 0 = −10 −5 . We show on the left panel in Fig. 4 the relative deviations of the linear and truncated Zeldovich power spectra from the LCDM prediction. The relative deviation grows at higher k for the linear deviation as the linear power spectrum does not include the nonlinear chameleon screening mechanism that should reduce the deviation on small scales. However, the deviation of the truncated Zeldovich power spectrum peaks at the nonlinear scale and decreases at higher k. This is due to the universal flat plateau already shown in Fig. 1 . In practice, this also means that we do not need to include explicitly the nonlinear chameleon mechanism, as the deviation associated with nonlinear scales is already damped. As for the linear power spectrum, the relative deviation of the growth rate f (k, z) grows with k, as seen in the right panel. We show in Fig. 5 the deviation with respect to the LCDM prediction for the 3D and 1D Lyman-α power spectra. We can see in the left panel that on large linear and weakly nonlinear scales the relative deviation of the Lyman-α power spectrum grows with k, following the rise of the modification to the matter power spectrum itself. The relative deviation is greater along the radial direction, which is also sensitive to the modification of the redshiftspace factor f . The relative deviation of the transverse power spectrum decreases at higher k, following the behavior of the truncated Zeldovich power spectrum. Along the radial direction, the relative deviation does not decrease at high k and goes to a finite value. This is because it remains set by the change of the overall prefactor (1 + βµ 2 ) 2 in Eq.(2.4), through the modification of the growth rate f . However, this result should not be trusted at nonlinear scales, k 1h/Mpc, because this simple form of the Kaiser amplification factor only holds on linear scales. However, this range does not dominate the integral (2.8) that gives the 1D Lyman-α power spectrum.
As seen in the right panel in Fig. 5 , the integration involved in the 1D Lyman-α power spectrum smoothes the relative deviation from the LCDM prediction. Thus, we obtain a de- viation of order 4% for f R 0 = −10 −5 , which does not vary much over 0.005 < k < 0.02 s/km, and a deviation of order 7% for f R 0 = −10 −4 . Our results agree reasonably well with the numerical simulations from [13] , which suggests that the model captures the main dependence on the cosmology. The modest value of the deviation from the LCDM cosmology and the lack of salient features suggest that the Lyman-α power spectrum is not a competitive tool to constrain these modified gravity models, which are already strongly constrained by astrophysical probes and Solar System tests of gravity that imply |f R 0 | 10 −6 . Thus, it appears that to obtain useful constraints on these scenarios one needs to reconstruct the 3D power spectrum, shown in the left panel, which shows a stronger scale dependence and a higher magnitude for the peak of the deviation from the LCDM power spectrum.
K-mouflage
We now consider the case of K-mouflage models. These are also scalar-tensor theories, but the additional scalar field is massless and has a nonstandard kinetic term. This provides another simple example of modified-gravity scenarios that includes an alternative screening mechanism. The f (R) theories give rise to the chameleon screening mechanism [42, 43] , where the additional scalar field obtains a higher mass in high-density environments, which decreases the range of the fifth force and screens compact objects. In contrast, the K-mouflage screening relies on a derivative screening [44] [45] [46] , due to the nonlinearity of the kinetic term, so that the fifth force is damped in regions of large field gradients (or large Newtonian force), which gives rise to a K-mouflage radius around compact objects within which one recovers General Relativity. On large linear scales, from the point of view of the matter distribution, the main difference from the f (R) theories is that the scalar field being massless there is no scale dependence for the linear growing mode, as in the standard LCDM cosmology, but only a time-dependent amplification.
In contrast with the f (R) models, we cannot compare our results to numerical simulations, which remain to be developed. However, on linear scales the K-mouflage scenarios mostly differ from the LCDM cosmology by a time-dependent effective Newton constant, without introducing new scales. Therefore, at a qualitative level, we can expect their largescale physics to remain even closer to the LCDM cosmology than for the f (R) theories, and the model developed in section 2 should fare as well as for the f (R) theories.
The K-mouflage theories are characterised by the coupling of the scalar field to matter β K and a Lagrangian kinetic function K(χ) that is nonlinear. This function must behave like −1 when the kinetic energy of the scalar field is small in the late-time Universe, to play the role of the cosmological constant. Moreover, it must also satisfy the stringent tests of gravity in the Solar System, like the perihelion advance of the moon [47] . In this paper we take
where χ = −(∂φ) 2 /2M 4 , and M 4 is the dark energy scale. The first derivative K ′ (χ) goes from 1 at low χ, as for the standard kinetic term, to the large value K ⋆ at high χ, which gives rise to the screening mechanism that damps the scalar field gradients and the fifth force in high-density environments. We choose to illustrate our results with χ ⋆ = 100 and K ⋆ = 1000. We consider the case of a coupling constant β K = 0.1 (the f (R) theories correspond to β f = 1/ √ 6), to remain consistent with constraints from Big Bang Nucleosynthesis and the Solar System. In practice, this givesK ′ ≃ 1 for the background for z 6, so that the precise form of K(χ) does not play any role and our results are set by the value of the coupling β K . Indeed, in this model clusters of galaxies are still in the unscreened linear regime of the scalar field [12] and this is even more so for the Lyman-α forest clouds.
In agreement with the lack of scale dependence due to the vanishing scalar-field mass, we can see in the left panel in Fig. 6 that the relative deviation of the linear matter power spectrum is independent of wave number. The amplification of the growth of structure is due to the fifth force mediated by the scalar field and to the running of Newton's constant with redshift, which now depends on the background value of the scalar field. As for the f (R) theories shown in Fig. 4 , the relative deviation of the truncated Zeldovich power spectrum decreases at high k because of its universal plateau. The relative deviation of the linear growth rate f is also scale independent. The magnitude of δP/P and δf /f are directly set by the coupling constant β K . We present in Fig. 7 the deviation with respect to the LCDM prediction for the 3D and 1D Lyman-α power spectra. The left panel shows that on large linear and weakly nonlinear scales the relative deviation of the Lyman-α power spectrum is scale independent and it is set by the relative deviation of the linear matter power spectrum. As for the f (R) scenarios, the relative deviation of the transverse power spectrum decreases at high k, following the behavior of the truncated Zeldovich power spectrum. Along the radial direction, the relative deviation shows a faster decrease and even becomes negative at high k because of the numerator in Eq.(2.4), associated with the greater velocity dispersion. Again, this behavior should not be trusted as these scales are already in the highly nonlinear regime, which is not expected to be well described by our simple modeling.
For the 1D Lyman-α flux power spectrum this gives a smooth relative deviation that slowly decrease with k. This is because of the scale independence for the relative deviation of the linear matter power spectrum, due to the zero mass of the scalar field, while at high k nonlinear effects come into play that somewhat damp the dependence of the flux power spectrum on the underlying linear power spectrum. Comparing with the scatter of the observations in Fig. 3 , which is of order 10%, we can estimate that a precise analysis could constrain Kmouflage models at the level of β K 0.1. This can be compared for instance with CMB and background constraints, which give β K 0.2 [48] . Therefore, in contrast with the case of the f (R) theories, the Lyman-α power spectrum could provide competitive constraints for these models. This is partly due to their different screening mechanisms. In the case of K-mouflage models, the nonlinear screening that ensures convergence to General Relativity in the Solar System has not impact on weakly nonlinear cosmological scales (because this corresponds to different regimes of the kinetic function K(χ) that are not necessarily related), and the tests of gravity in the Solar System or astrophysical environments only imply β K 0.1 (provided K ′ (χ) is sufficiently large in the small-scale quasistatic regime). However, obtaining competitive constraints would require a more accurate modeling, or at least a comparison with a set of K-mouflage numerical simulations to check the accuracy of our modeling, which we leave to future work. In addition, the comparison with the case of the f (R) theories shows that the shape of the relative deviation of the Lyman-α flux power spectrum can provide useful constraints on the mass of the scalar field, or more generally on whether new length scales are introduced by a possible nonstandard cosmological scenario.
Conclusion
In this paper, we have presented a simple modeling of the power spectrum of the Lyman-α flux decrement, which we have used to estimate the impact of two modified-gravity scenarios. We have pointed out that a Zeldovich truncated approximation provides a good starting point to describe the Lyman-α power spectrum at z ∼ 3, as it captures weakly nonlinear structures while removing the contributions of highly nonlinear objects that do not correspond to Lyman-α forest clouds. Taking into account thermal and redshift-space effects, through bias and cutoff factors, we obtain a reasonably good agreement with numerical simulations of the concordance LCDM model and with observations.
We have then implemented this modeling for two classes of modified-gravity theories, the f (R) and K-mouflage scenarios. For the f (R) models, where numerical simulations are available, we obtain a reasonable agreement with the numerical results. We find that because of the line of sight integration, the deviations from the LCDM prediction for the 1D Lyman-α power spectrum are modest and flat over the observed range of wave numbers. This will make it difficult to derive competitive constraints for these models, which are already very strongly constrained by astrophysical probes. In contrast, because of their different screening mechanism, the K-mouflage models are less strongly constrained by astrophysical probes, which only constrain the negative-χ range of K(χ) with the bound β K 0.1. There, we find that the Lyman-α power spectrum could provide competitive constraints as compared with CMB and background measurements. However, this would require numerical simulations to check the accuracy of the analytical modeling.
In addition, the 3D Lyman-α power spectrum shows a stronger scale dependence, which is sensitive to the details of the modified-gravity theory, in particular to its scale dependence (which typically arises from the scale associated with the mass of the new scalar field). There-fore, reconstructing the 3D power spectrum by correlating neighboring lines of sight [49] [50] [51] [52] [53] could provide a useful probe of alternative cosmologies.
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A The Zeldovich approximation
In the Zeldovich approximation [27] , particles initially at a position q evolve along a trajectory x(t, q). The variances of the relative displacement between two initial points separated by ∆q are given by
along the initial separation, and
in the orthogonal direction. The linear power spectrum is given by P L (k). In the Zeldovich approximation, and for Gaussian initial conditions, this leads to the Zeldovich power spectrum [28, 29] P Z (k) = d∆q (2π) 3 e ikµ∆q− where the directing cosine is defined as µ = (k · ∆q)/(k∆q). In the main text we use a truncated Zeldovich power spectrum (2.2).
